We investigate the nucleosynthesis in the neutrino-driven winds blown off from a 3M ⊙ massive proto-neutron star (mPNS) temporarily formed during the collapse of a 100M ⊙ star. Such mPNSs would be formed in hypernovae. We construct steady and spherically symmetric wind solutions. We set large neutrino luminosities of ∼ 10 53 erg s −1 and average energies of electron neutrinos and antineutrinos in the ranges of ǫ νe = 9 − 16 MeV and ǫν e = 11 − 18 MeV based on a recent numerical relativity simulation. The wind solutions indicate much shorter temperature-decrease timescale than that of the winds from ordinary PNSs and, depending on ǫ ν , the winds can be both neutron-rich and proton-rich. In the neutron-rich wind, the r-process occurs and the abundance distribution of a fiducial wind model of the mPNS gives an approximate agreement with the abundance pattern of metal-poor weak r star HD 122563, although the third-peak elements are produced only when theν e energy is much larger than the ν e energy. In the proton-rich wind, the strong νp-process occurs and A > 100 nuclides are synthesized. The synthesized nuclei can be neutron-rich in some cases because the large neutrino luminosity of the mPNS supplies a sufficient amount of neutrons.
INTRODUCTION
The neutrino-driven wind from nascent neutron stars in core-collapse supernovae (SNe) is a possible site of heavy-element synthesis. A number of studies about the r-process, which produces about a half of elements heavier than iron, in the neutrino-driven wind have been made in the past decades (e.g., Qian & Woosley 1996; Hoffman et al. 1997; Otsuki et al. 2000; Thompson et al. 2001; Wanajo et al. 2001; Roberts et al. 2010) . However, it was revealed that the strong r-process that makes all nuclei up to the third-peak elements (A ≈ 195) hardly occurs in the standard condition of the neutrino-driven wind. The most critical issue toward the successful r-process is that the electron fraction Y e of the neutrino-driven wind is larger than 0.5, i.e., the wind is not neutron-rich as recent numerical simulations of proto-neutron star (PNS) evolution suggested (e.g., Fischer et al. 2010; Hüdepohl et al. 2010) . Electron fraction in the neutrino-driven wind still has uncertainties due to the input physics such as mean field effects on neutrino opacities (e.g., Horowitz et al. 2012; Roberts et al. 2012) , so the r-process might occur in the wind. Nevertheless, recent studies have indicated that the r-process in such a wind is too weak to produce the third-peak elements (e.g., Wanajo 2013) .
Instead, the proton-rich wind is a promising site of the νp-process, which is the nucleosynthesis process found in the 2000's. Recent studies show that fujibayashi@tap.scphys.kyoto-u.ac.jp some light proton-rich nuclei can be made in hot bubbles and neutrino-driven winds through the νp-process (Fröhlich et al. 2006; Pruet et al. 2006; Wanajo 2006; Wanajo et al. 2011) .
In the 1990's, hypernovae (HNe), more energetic explosive events than ordinary SNe, were discovered (Galama et al. 1998; Iwamoto et al. 1998) . Although the explosion mechanism of HNe is yet unclear, there are some observational hints about their progenitors. First, progenitors of HNe are thought to be massive stars, with the initial mass larger than ∼ 25M ⊙ (e.g., HN branch in Nomoto et al. 2006) , which is larger than the masses of the progenitors of ordinary SNe. Second, at least some of HNe show the features of bipolar explosion (Maeda et al. 2006a,b) , which indicates that the rotation of the progenitor may play a role in the explosion. Based on these studies, we assume here that HNe are bipolar explosions associated with the death of very massive stars.
After the explosion, the neutrino-driven wind may be launched toward the direction of the bipolar explosion if a PNS is formed at least for a while. Indeed, according to recent numerical simulations of the collapse of rotating massive stellar cores (Sekiguchi et al. 2012; Cerdá-Durán et al. 2013 ), a massive proto-neutron star (mPNS) is temporarily formed after the collapse (see also Sumiyoshi et al. 2007 Sumiyoshi et al. , 2008 , for spherical collapse). The mPNS is supported against the collapse by its thermal pressure and rotation and eventually collapses into a black hole. The lifetime of the mPNS is a few seconds even in the case of the collapse of a 100M ⊙ star (Sekiguchi et al. 2012) for an equation of state (EOS) with which the maximum mass of the neutron star is larger than 2M ⊙ . For a less massive progenitor, the lifetime would be much longer.
Based on the above picture for HNe and the collapse of a massive star, we consider neutrino-driven wind from the mPNS in the HNe. We propose the HN wind model as follows: We assume that an explosion occurs toward the polar region when a massive star collapses. After the explosion, the neutrino-driven wind is launched from the mPNS surface toward the polar region. For the mPNS model, we adopt the result in Sekiguchi et al. (2012) .
There are two main differences between HNe and ordinary SNe. One of them is the (temporal) formation of more massive PNSs in HNe for the consequence of the collapse of the massive star. The other is the higher neutrino luminosity in HNe, which is expected to be provided by the stellar-gas accretion to the mPNS along the directions that are not the direction of the bipolar explosion (e.g., equator in rotational collapse). In addition to these, as some models of HNe (e.g., Burrows et al. 2007) suggest, the rotation and the magnetic field of the PNS could be important for HN explosion. We will discuss these effects in Section 5.
In this work, based on this scenario, we investigate the nucleosynthesis in the HN wind. It is known that the entropy of the neutrino-driven wind strongly depends on the mass of a PNS because of the general relativistic effects (Cardall & Fuller 1997; Otsuki et al. 2000) . Generally speaking, a high-entropy wind results in more efficient heavy-element synthesis because less seed elements are produced through triple-α and 4 He(αn, γ)
9 Be(α, n) 12 C reactions (Hoffman et al. 1997) . When the abundance of the seed elements is small, the neutron-to-seed ratio becomes large and thus further heavy-element synthesis proceeds. The expansion timescale has a crucial role on heavy-element synthesis. A shorter expansion timescale also causes less effective seed element production. According to the numerical simulation of the collapse of the very massive star and the mPNS formation (Sekiguchi et al. 2012) , the neutrino luminosity of the mPNS is much higher than that of an ordinary PNS as mentioned above. In this case, the expansion velocity of the neutrino-driven wind of the mPNS is also expected to be faster than that of the PNS, so the timescale of seed element production is also shorter than that of the PNS. Thus, the neutrino-driven wind from an mPNS, although the lifetime of the mPNS may be short, is expected to be an interesting site of heavy-element synthesis.
In this work, we investigate possible nucleosynthesis processes to produce heavy elements in the neutrinodriven winds from mPNSs. Our model of the neutrinodriven winds and the wind parameters are described in Section 2. A brief description of the nucleosynthesis calculation is given in Section 3. The results of the nucleosynthesis calculation and details of the nucleosynthesis processes are given in Section 4. Finally, discussions and conclusions are given in Sections 5 and 6. Throughout this paper, we use the unit in which the gravitational constant G, the speed of light c, and Planck constant are taken to be unity.
NEUTRINO-DRIVEN WIND MODEL

Basic Equations
The basic equations of the fluid are the equations of momentum conservation, baryon number conservation, and energy conservation. We ignore the self-gravity of the fluid and the change of the mass of the neutron star due to the mass ejection through the wind and the gas accretion through the equatorial plane. For simplicity, we consider a steady and spherically symmetric flow, so that the gravitational fields can be treated as those in the Schwarzschild spacetime. We do not consider the effects of the rotation and the magnetic field of the PNS, which will be discussed in Section 5. Then, the equations can be written in the Schwarzschild coordinate aṡ
where r is the radial coordinate, M is the mass of the PNS,Ṁ is the mass ejection rate, which is constant in the steady wind, u = dr/dτ is the radial component of the four-velocity of the fluid element, τ is the proper time of the fluid element, ρ is the rest-mass density, P is the pressure, T is the temperature, ǫ is the specific internal energy, s is the entropy per unit mass, andq is the net heating rate per unit time per unit mass. These equations are the same as those in Otsuki et al. (2000) and Wanajo et al. (2001) . In addition to these equations, we solve the evolution equation for the electron fraction Y e , which is fixed in their work. Y e changes owing to the interactions between nucleons and neutrinos:
where λν p , λ νn , λ ec , and λ pc are the rates for the electron (anti)neutrino absorption reaction by free protons (neutrons) and electron (positron) capture reaction by free protons (neutrons), respectively. These reactions are written below:ν
The details of the calculation of these rates will be given in Section 2.2. The net heating rateq appeared in Equation (3) is composed of the terms of heating and cooling involving five processes and can be decomposed as (e.g., Qian & Woosley 1996) q =q νN −q eN +q eν −q e + e − +q νν ,
whereq νN ,q eν , andq νν are the heating rates due to neutrino absorption on free nucleons, neutrino-electron scattering, and neutrino-antineutrino pair annihilation into electron-positron pairs, andq eN andq e + e − are the cooling rates due to electron and positron capture by free nucleons and electron-positron pair annihilation into neutrino-antineutrino pairs. The details will be given in Section 2.2.
We rewrite Equations (1)-(4) to obtain
where A = A(r) is defined as
Here c s is the sound velocity given by
where the thermodynamic quantities ǫ and P are thought to be the functions of ρ, T and Y e . To close the system of equations, we adopt an EOS by Timmes & Swesty (2000) , which includes the pressure of nucleons, electrons, positrons, and photons.
We calculate the proper time of the fluid element from the definition of the four-velocity as
We construct the wind solution by solving Equations (8)-(10) from the gain radius R gain , where the net heating rate becomes zero (q = 0). For simplicity, we assume that the radius of the neutrinosphere R ν is equal to the gain radius R gain . This assumption is justified by the fact that the difference between R ν and R gain is small compared with the scale of the system. We further assumė Y e = 0 at the neutrinosphere. Thus, for fixed R ν , ρ 0 and the luminosities and average energies of individual neutrinos L νi , ǫ νi , we obtain the boundary conditions at r = R ν (= R gain ) for temperature and electron fraction at the neutrinosphere T 0 , Y e,0 such that the conditionsq = 0 andẎ e = 0 are fulfilled simultaneously. The boundary condition for velocity u 0 is set to be such that the wind solution becomes transonic.
Heating and Cooling Rates and Reaction Rates due to Weak Interactions
The heating rate due to neutrino and antineutrino absorptions by free nucleons is given bẏ
where N A is the Avogadro constant, L νi,51 is the luminosity of neutrino or antineutrino of flavor i in units of 10 51 erg s −1 , ε νi,MeV is the average neutrino or antineutrino energy of flavor i in MeV defined by ε νi = E 3 νi / E νi ( E n νi denotes the nth moment of the energy distribution of the neutrino of flavor i), and R ν,6 is the radius of the neutrinosphere in units of 10 6 cm. In deriving the above expression, we approximate that all radii of the neutrinospheres of individual neutrino flavors are the same. The factor [1 − g 1 (r)] represents the effect that we see the neutrinosphere in a finite solid angle considering the effect of bending neutrino trajectory (Otsuki et al. 2000) , and g 1 (r) is defined by
and Φ(r) is the redshift factor given by
The heating rate due to neutrino-electron scattering is given bẏ
× L νe,51 ǫ νe,MeV + Lν e,51 ǫν e,MeV + 6 7 L νx,51 ǫ νx,MeV
where L νx is the sum of the luminosity of all neutrino flavors except for electron neutrinos and electron antineutrinos, T MeV is the temperature of the fluid in MeV, ρ 8 is the mass density in units of 10 8 g cm −3 , and ǫ νi is defined by ǫ νi = E 2 νi / E νi (here ν x means the neutrinos except for electron neutrinos and electron antineutrinos). In the following, we choose the relation between ε νi and ǫ νi as ε 2 νi ≈ 1.14ǫ 2 νi as in Qian & Woosley (1996) . The heating rate due to neutrino-antineutrino pair annihilation into electron-positron pairs is given bẏ
where g 2 is defined using g 1 as
The cooling rate due to electron and positron capture by free nucleonsq eN and the cooling rate due to electron-positron pair annihilation into neutrinoantineutrino pairsq e + e − are calculated using the expression in Fuller et al. (1985) (hereafter FFN85). The cooling rate per unit time per unit mass due to electron and positron capture by free nucleons is given as
where subscripts "ec" and "pc" denote electron capture and positron capture, respectively. Here m e is the electron mass, (f t) ≈ 1.02 × 10 3 s is the f t-value of the transition between neutrons and protons, η capture by free protons (neutrons), and ζ n is −∆/k B T in the case of electron capture by protons and is ∆/k B T in the case of positron capture by neutrons (∆ = m n −m p ≈ 1.293 MeV is the mass difference between neutron and proton). J is so called the phase-space factor of this reaction rate and is defined in appendix A.
The cooling rate due to the pair annihilation of electrons and positrons into a neutrino-antineutrino pair is calculated using the expression in Cooperstein et al. (1986) . According to their expression, the cooling rate is given aṡ
where (f t), η F ν , η F e , and ζ n are defined in (20), and I is the phase-space factor of this reaction rate, which is defined in appendix A. In the following, we set η F ν = 0. The rates of neutrino and antineutrino absorption by free nucleons λ νn and λν p are given using the expression in Otsuki et al. (2000) as
2.3. The Parameters of the Wind The parameters of the winds are the luminosities and average energies of the neutrinos of each flavor L νe , Lν e , L νx , ǫ νe , ǫν e , ǫ νx , the mass of the neutron star M , the radius of the neutrinosphere R ν , which is assumed to be the gain radius R gain , and the mass density at the gain radius ρ 0 .
Here we explain the fiducial parameter set and parameter range adopted in this study. We set the parameters on the basis of the numerical relativity simulation of the collapse of a 100M ⊙ star in Sekiguchi et al. (2012) . They showed that in the center of the collapsing star an mPNS with the gravitational mass of M ≈ 3M ⊙ and the neutrinosphere with the radius of R ν ≈ 15 km is temporarily formed. Within its lifetime, on order of seconds, the neutrino luminosity and the mass of the neutron star become nearly constant in time. In this phase, the neutrino luminosity of the neutron star is L ν ∼ 10 53 erg s −1 , the ratio of the luminosity of the electron antineutrino to that of the electron neutrino is Lν e /L νe ≈ 1.1, and the ratio of the luminosities of µ and τ neutrinos to the electron neutrino luminosity is L νx /L νe ≈ 0.1. Thus, we consider the steady flow in this phase under these condi-
The average energies of the electron neutrinos ǫ νe and electron antineutrinos ǫν e are very important because they determine the electron fraction Y e and, consequently, the yield of nucleosynthesis. These values have some uncertainty caused by the approximate treatment of the neutrino transport and the finite density effects on neutrino opacities (e.g., Horowitz et al. 2012; Roberts et al. 2012) . In the numerical simulation (Sekiguchi et al. 2012) , their average energies are ǫ νe ≈ 11 MeV and ǫν e ≈ 16 MeV. Thus, we construct the wind solutions and calculate nucleosynthesis on trajectories of the wind for the energy region ǫ νe = 9 − 16 MeV and ǫν e = 11 − 18 MeV, respectively. We also set the fiducial parameters of ǫ νe and ǫν e as 11 and 16 MeV as in Sekiguchi et al. (2012) . The average energies of the other flavors of neutrinos, µ and τ neutrino and its antiparticles, ǫ νx , is less important in constructing the wind solutions or nucleosynthesis results because the luminosity of them is much smaller than that of electron and electron antineutrinos. Thus, they are set to be, from the simulation, 25 MeV for all wind solutions.
We set the mass density at the neutrinosphere ρ 0 to be 10 11 g cm −3 . This value is 10 times as large as the mass density in the neutrino-driven wind models of an ordinary SN in Otsuki et al. (2000) and Wanajo et al. (2001) , where it is set as ρ 0 = 10 10 g cm −3 . This is due to the very large neutrino luminosity in our model, which is about 100 times larger than their models. At the surface of the PNS, dominant heating and cooling processes are neutrino absorption reactions by free nucleons and their inverse reactions (5) and (6), and the balance between heating and cooling gives the relation among the neutrino luminosity L ν , the average energy of the neutrinos ǫ ν , and the average energy of the electrons and positrons captured by nucleonsĒ e as
The average electron energy at the surface of the PNSĒ e is almost equal to the chemical potential of electrons µ e because of the electron degeneracy. The average energy of neutrinos can be estimated as the surface temperature T . Using the relation µ e ∝ ρ 1/3 for relativistic degenerate electrons, Equation (26) can be rewritten as
Assuming that the surface temperatures are almost the same between the ordinary PNS and the mPNS, the surface density of the mPNS is about 10 times larger than that of the ordinary PNS. Summarizing the above, we give the parameter range of the wind in this work, from the simulation, in Table  1 .
Comparison of Wind Solutions
Here we discuss the differences between our mPNS wind and the ordinary PNS wind. The mass of the mPNS in our model is ≈ 3M ⊙ , and its radius (the radius of the neutrinosphere) is about ≈ 15 km. On the other hand, the mass of the ordinary PNS is ≈ 1.4M ⊙ and its radius is about ≈ 10 km. Thus, the mPNS in our model has a compactness parameter (C ≡ M/R ≈ 0.3) larger than that of the ordinary PNS (C ≈ 0.2). It indicates that general relativistic effects become more important in the mPNS wind than that in the ordinary PNS wind. In addition, the neutrino luminosity in the mPNS model is about ∼ 10 53 erg s −1 , which is about 100 times larger than that in the ordinary PNS (about 10 51 erg s −1 ). We solve the wind equations, i.e., Equations (8)- (10), with the two parameter sets given in Table 1 . One is our fiducial parameter set of the mPNS model, and the other is the parameter set of the ordinary PNS (the average energies of neutrinos are determined based on Wanajo 2013). We discuss the differences in the entropy, the velocity, and the temperature between them. Figure 1 shows the radial profiles of the entropy, the velocity, and the temperature for the wind trajectories of the mPNS wind and the ordinary PNS wind. The terminal entropy of the mPNS wind, which is about 130-140 (here the term "entropy" means the entropy per baryon in units of k B ), is almost the same as that of the ordinary PNS wind (see top panel of Figure 1 ). Qualitatively, this can be explained as follows. The change of the entropy per baryon, ∆s, of the wind may be given as
where ∆Q = dq is the total heat obtained by the fluid, andT −1 = (∆Q) −1 dq T −1 is the mean temperature weighted byq. ∆Q will be of the order of the gravitational potential at the PNS surface ∼ M/R ν = C. Therefore, the wind blown off from the mPNS, which has larger compactness parameter C, is expected to have larger entropy than that of the wind blown off from the ordinary PNS. However, the change of the entropy of the mPNS wind is suppressed by higherT than that of the ordinary PNS wind (see bottom panel of Figure 1 ) because of higher neutrino luminosity. These two opposite effects cancel each other, and as a result, the terminal entropies of the mPNS and the ordinary PNS winds have similar values.
The biggest difference between the properties of the mPNS wind and the ordinary PNS wind is the temperature-decrease timescale at T = 0.5 MeV, denoted by τ T,0.5 . It is defined as
where e is the base of natural logarithm (this definition is based on Otsuki et al. 2000) . When the temperature decreases below T ≈ 0.5 MeV, free protons and neutrons are reassembled into alpha particles so τ T,0.5 represents the timescale in which the seed elements (the elements heavier than 12 C) are produced from alpha particles. Therefore, the temperature-decrease timescale at the point is the useful quantity that represents the inefficiency of the production of seed elements through triple-α and 4 He(αn, γ) 9 Be(α, n) 12 C reactions (e.g., Hoffman et al. 1997) .
The bottom panel of Figure 1 shows the temperature of the mPNS and the ordinary SN as a function of the radius. We see that, in the ordinary PNS wind, the radius of the critical point, indicated by a diamond, is larger than the radius where the temperature drops to 0.5 MeV, i.e., the alpha-particle formation radius. On the other hand, in the mPNS wind, the relation of these radii is opposite and the temperature decreases to 0.5 MeV after the velocity reaches its asymptotic value (see also the middle panel). Therefore, the temperature-decrease timescale at T = 0.5 MeV of the mPNS wind is expected to be shorter than that of the ordinary PNS wind. The value of τ T,0.5 of the mPNS wind is about 6 ms and indeed much shorter than that of the ordinary PNS (≈ 40−50 ms). This trend can be understood more quantitatively as follows. We define the temperature-decrease timescale at any temperature τ T as In this equation, we assume dT /dτ < 0 and, from the first to the second line, we use the fact that the radiation component dominates most of the total entropy and that the entropy is almost constant in time in all regions where T 10 10 K (see top panel of Figure 1 ). From the second to the third equation, we use the proper-time derivative of Equation (1). The value τ T,0.5 represents the time during which the temperature decreases from 0.5 MeV to 0.5/e MeV, and thus it can be written as τ T (T = 0.5 MeV) approximately. As seen in the middle panel of Figure 1 , the velocity of the fluid at T = 0.5 MeV (open circle shown in the figure) is about u ≈ 0.22c and the radius is about r ≈ 140 km in the mPNS wind, while these values of the ordinary PNS wind are u ≈ 2.4 × 10 −3 c and r ≈ 35 km. Therefore, the first term in the parentheses of Equation (30) of the mPNS wind, which is dominant in the parentheses, is about one order larger than that of the ordinary PNS.
Fewer seed elements are produced as τ T,0.5 becomes shorter, and then the production of larger mass number elements in the subsequent process after the seed element production becomes more efficient. Thus, while the entropy is almost the same, the circumstance of the mPNS wind of short temperature-decrease timescale is more attractive for heavy-element synthesis than that of the ordinary PNS wind.
NUCLEOSYNTHESIS CALCULATION
The nucleosynthesis calculation for the neutrino-driven winds in the mPNS is started when the temperature of the fluid element decreases to T 9 = 9, where T 9 is the temperature in units of 10 9 K. This temperature is still high enough for the system to be the nuclear statistical equilibrium (NSE). At that point, the fluid material is mainly composed of free nucleons under NSE. Therefore, the initial composition of the fluid material is taken to be X p = Y e,9 and X n = 1 − Y e,9 , where Y e,9 is the initial electron fraction for the nucleosynthesis calculation, which is set as the electron fraction when the temperature of the wind becomes T 9 = 9.
We use a nuclear reaction network for our nucleosynthesis calculations. The network consists of 5406 isotopes (see Table 3 ) extended from Yoshida & Umeda (2011) and Suzuki et al. (2010) . We include all relevant reactions, i.e., thermonuclear reactions and their inverse reactions, and weak interactions such as β-decays and electron or positron captures. Thermonuclear reaction rates are taken from the JINA REACLIB database (Cyburt et al. 2010) . We include the expression of Graboske et al. (1973) and Itoh et al. (1979) for the correction for thermonuclear reaction rates due to the electron screening. Weak reaction rates are taken from Langanke & Martínez-Pinedo (2001) , Oda et al. (1994) , Takahashi & Yokoi (1987) , and FFN85 for the reactions whose dependence on the temperature and the density is given. We follow Horiguchi et al. (1996) for weak re- action rates whose dependence on them is not given, although the experimental rates are known. For the nuclei that lack experimental decay-rate information, we use Tachibana (2000, private communication) for β + -decay rates and Möller et al. (2003) for β − -decay rates. In addition, we include neutrino absorption reactions of free nucleons using Equations (24) and (25).
RESULTS
The Properties of the Wind Trajectories
First, we discuss the properties of constructed winds. In Figure 2 , we show the contours of the electron fraction at the beginning of the nucleosynthesis calculation (T 9 = 9) Y e,9 , the entropy s at T = 0.5 MeV, and the temperature-decrease timescale at T = 0.5 MeV, τ T,0.5 , which are important for the nucleosynthesis.
The electron fraction at the beginning of the nucleosynthesis calculation Y e,9 , which is set from the wind solutions, has a wide variation from ≈ 0.40 − 0.65 in our parameter region. It becomes 0.50 when ǫ νe is about 4 MeV smaller than ǫν e . A larger difference between ǫ νe and ǫν e provides Y e,9 < 0.5, i.e., neutron-rich wind, and a smaller difference provides proton-rich wind. As shown in the next subsection, the electron fraction strongly affects the abundance distribution of the wind material. Figure 2 . Contours of the electron fraction, the temperaturedecrease timescale, the entropy, and the mass outflow rate as functions of ǫν e and ǫν e . The other parameters are adopted from Table  1 . The black solid lines indicate the electron fraction at the beginning of the nucleosynthesis calculation Y e,9 . The green dotted lines indicate the temperature-decrease timescale, τ T at T = 0.5 MeV in units of ms. The red dashed lines indicate the entropy per baryon s at T = 0.5 MeV in units of k B . The blue dot-dashed lines indicate the mass outflow rateṀ in units of 10 −3 M ⊙ s −1 . The region colored in blue is the region where Y e,9 < 0.5, and the region in orange is the region where Y e,9 > 0.5. The regions where the electron fraction deviates from 0.5 have deeper color. The shaded region is the region where ǫν e > ǫν e and thus is an unrealistic parameter range.
The obtained electron fraction is close to the value Y e,eq from the balance of the two reactions: p+ν e → n+e + and n + ν e → p + e − . The value Y e,eq is given approximately from Equation (77) in Qian & Woosley (1996) .
The entropy of the wind is distributed in the range s ≈ 125 − 145. It gets smaller as the average energy of the neutrinos gets larger. This can be understood from the equation of the entropy change, i.e., Equation (28). As the average energy of neutrinos becomes larger, the heating rate andT become larger, so the entropy increase due to the heating by neutrino absorption is suppressed by the high temperature. On the other hand, ∆Q is determined by the gravitational binding energy of PNSs and is almost independent of the average energy of neutrinos. Thus, the entropy is smaller when the average energy of neutrinos is larger.
The temperature-decrease timescale at T = 0.5 MeV, τ T,0.5 , which is defined as Equation (29), slightly decreases (from 6 to 7 ms) as the average energies of the neutrinos decrease. This can be understood using the last line of Equation (30). It is sufficient to pay attention to the first term, which is proportional to u/r| T =0.5 MeV . This is because the radius where the temperature becomes 0.5 MeV is larger than the radius of the critical point and thus the second term, u −1 du/dτ = du/dr, is subdominant compared to the first term. The radius where the temperature becomes 0.5 MeV gets larger as ǫ νe or ǫν e becomes large because of more efficient heating. On the other hand, the terminal velocity is independent of ǫ νe or ǫν e because it is determined by the gravitational binding energy at the launching point of the fluid. Therefore, the winds having small ǫ νe or ǫν e have small τ T,0.5 because they have large r| T =0.5 MeV .
The mass outflow rateṀ is on the order of 10 −3 M ⊙ s −1 throughout the figure and becomes large as the average energy of neutrinos is large because of the efficient heating.
The contours of the temperature-decrease timescale, the mass outflow rate, and the entropy are almost parallel to each other. This is because all these quantities depend mainly on the heating rates, i.e., on ǫ νe and ǫν e (see Equations (14), (17) and (18)). On the other hand, the electron fraction Y e,9 depends on the difference of the average energies between electron neutrino and electron antineutrino ǫ νe − ǫν e (from the approximate form of Equation (77) in Qian & Woosley 1996) .
The average energies of electron neutrinos and electron antineutrinos usually have the relation ǫ νe < ǫν e , and the shaded region in Figure 2 is physically less relevant. This is because PNSs have much neutrons than protons, so the radius of the neutrinosphere of electron neutrinos is larger than that of electron antineutrinos. 
The contours of the average mass number of final abundance distribution A , the electron fraction at the beginning of the nucleosynthesis calculation Y e,9 , and the entropy s. The solid lines indicate the average mass number A of the heavyelement set. The red doted lines indicate the electron fraction Y e,9 . The green dashed lines indicate the entropy s per baryon at T = 0.5 MeV in units of k B . The r-process and the νp-process proceed in blue and orange region, respectively. The deeper the color of a region is, the larger mass number nuclei are produced in the trajectory in the region. The shaded region at the lower right of the black-dashed line covers unrealistic parameter region where ǫν e > ǫν e .
We calculate the nucleosynthesis for the trajectories with parameters listed in Table 1 . In Figure 3 , three contours for the electron fraction at the beginning of the nucleosynthesis calculation Y e,9 , the entropy s at T = 0.5 MeV, and the average mass number of the synthesized heavy elements A , defined below, are shown in the ǫ νe − ǫν e plane. In order to see the typical mass number of heavy elements synthesized in each trajectory, we define the heavy-element set A >48 as the nuclei that have the mass number A > 48, which includes iron-group and heavier elements, and the average mass number of the heavy-element set of the final abundance distribution A as
where Y (Z i , A i ) is the abundance in number of the species having the atomic number Z i and the mass number A i . In Equation (31), Y h is the abundance of the heavy-element set defined as
Figure 3 is divided into two regions parted on the contour of Y e,9 = 0.5. In the region where Y e,9 < 0.5 (the blue region in Figure 3 ), heavy elements are synthesized through the r-process, while in the region where Y e,9 > 0.5 (the orange region in Figure 3 ), the νp-process is the main process that produces heavy elements.
The average mass number A strongly depends on the electron fraction. In the region where |Y e,9 − 0.5| is larger, heavier elements are synthesized. In the region with Y e,9 0.45, the average mass number exceeds 130 through the r-process. On the other hand, strong νp-process proceeds in the region with Y e,9 0.55 and the average mass number becomes A 80 − 100. For the synthesis of heavy elements, higher entropy is favored because high entropy prevents seed elements from being produced by strong photo-disintegration and the number of neutrons and protons captured by each seed nucleus in the subsequent phase becomes large. We see that even for the same electron fraction, the trajectory that has higher entropy has larger average mass number for the above reason. However, the dependence of the average mass number on the entropy is weaker than the dependence on the electron fraction.
Details of the Nucleosynthesis Processes
In the previous subsection, we showed that heavy elements with A 100 can be synthesized through the r-process or the νp-process in the neutrino-driven winds of the mPNS. Here we show more details for the average mass number of the heavy-element set and the main products in nine wind trajectories (a)-(f) in Figure 3 . In Table 3 , we list the properties of these wind trajectories and the nucleosynthesis results of them. Trajectory (a) is the wind with the fiducial parameters (see Table 1 ). In order to see the effect of the entropy, we consider trajectories (b) and (c), which have almost the same Y e,9 as trajectory (a) but different s (130 − 138). Trajectory (d) has almost the same s as trajectory (a) but lower Y e,9 of 0.42.
In order to see the nucleosynthesis in the proton-rich region, we choose trajectory (e), which has the same entropy as trajectory (a) but a higher electron fraction of 0.55. Trajectories (f) and (g) have the same Y e,9 as trajectory (e) but different s (129 − 141). We choose trajectory (h) to see the dependence of Y e,9 . As an extreme case, we choose trajectory (i), which has the largest A in the physically relevant proton-rich region.
In order to see gross features of the heavy-element synthesis, we define the average rates of individual reactions per nucleus in the heavy-element set A >48 , defined in the previous subsection, as
nucleosynthesis in neutrino-driven wind in HNe Note. In the column "Mainly Produced Nuclides," we list top 10 nuclides which have the production factors larger than 1/10 times the largest production factor in each trajectory. The nuclide which has the largest production factor in each trajectory is written in bold. The parameter f 200 is defined as Equation (43).
Here
, and σ (n,p) (Z, A) are the cross sections of (p, γ), (n, γ), (p, n), and (n, p) reactions of nuclear species A Z. λ (γ,p) (Z, A) and λ (γ,n) (Z, A) are reaction rates of the photo-disintegrations (γ, p) and (γ, n). λ β + (Z, A) and λ β − (Z, A) are β + decay and β − decay rates. The rates defined in Equations (33)- (40) represent the reaction rates of dominant isotopes at a given time. In addition, we define the average proton number Z of the heavyelement set and the average neutron number N of them as First, we show the result of the nucleosynthesis of the fiducial wind trajectory with ǫ νe = 11 MeV and ǫν e = 16 MeV, the parameter set of which is based on the result of Sekiguchi et al. (2012) . This trajectory corresponds to point (a) in Figure 3 . The electron fraction Y e,9 of this trajectory is 0.48. The r-process occurs, and the average mass number becomes A = 118 (see Table 3 ). Figure 4 shows the time evolution of the mass fractions of neutrons, protons, and the heavy-element set (top panel) and the average reaction rates of the heavyelement set (λ (p,γ) , λ (γ,p) , λ (n,γ) , λ (γ,n) , λ (n,p) , λ (p,n) , λ β − , and λ β + ; bottom panel). We show the snapshots of the abundance distribution in Figure 5 .
We explain the time evolution of the nucleosynthesis in this trajectory. Nucleons are still free particles at a temperature higher than T 9 ≈ 6. After the temperature drops below T 9 ≈ 6, the heavy elements up to A ∼ 100 are temporarily produced, and the average charge number becomes Z = 38 (see top panel of Figure 4 and 5-(1)). This is because the numbers of nucleons are larger than that of the corresponding quasi-statistical equilib- Figure 4 . Top: time evolution of the mass fractions of protons, neutrons, and the total value of the heavy elements, and the average proton and neutron number of them in trajectory (a), which has the parameter set based on Sekiguchi et al. (2012) . Bottom: time evolution of the average reaction rates per nucleus in the heavyelement set in the same trajectory. The rates of (n, γ), (p, γ), and (n, p) reactions are shown as green, red, and blue solid lines, respectively, and their inverse reaction rates are shown in dashed lines. The rates of β − -decays (solid line) and β + -decays (dashed line) are shown as pink lines. In addition to them, the temperature is shown as a black solid line, and the temperature-decrease rate τ −1 T is shown as the black dashed line. rium (QSE) value (Meyer 2002) . After this phase, the nuclei heavier than iron-group are photo-disintegrated into lighter nuclei as the free nucleons are recombined into alpha particles at T 9 ≈ 5.5. The nuclei of A ∼ 80 − 90 are not disintegrated completely in this phase because the nuclei at the neutron magic number at N = 50 have relatively larger binding energies (see Figure 5 - (2)).
The r-process begins after the temperature decreases below T 9 ≈ 4. In this phase, neutron capture reactions proceed until heavy nuclei reach the classical waiting points, where the reaction (n, γ) balances with (γ, n) (see top panel of Figure 4 and Figure 5-(3) ). In the ordinary r-process, the nuclei on the waiting points can obtain additional neutrons through the β − decay. In the case here, however, the (p, n) reactions play the role. The protons are supplied through the electron neutrino absorption reaction of free neutrons (n + ν e → p + e − ). At the time t ∼ 0.01 s, the rate of (p, n) reactions decreases because of the low temperature and the heavyelement production is temporarily frozen at the N = 82 magic nuclei. After this phase, as the temperature decreases further, the rate of (γ, n) reactions becomes too small to balance with (n, γ), so the neutron capture reactions produce the heavy elements beyond N = 82. In this phase, the so-called cold r-process is realized, in which (n, γ) reactions and β − decay reactions have main contributions to produce heavy nuclei (Wanajo 2007 ). The nuclear abundance distribution, as functions of neutron and proton numbers, at T 9 ≈ 0.5 is shown in Figure 5 -(4). In this figure, we see that, although the fraction is very small, nuclei of N > 82 are produced by the r-process. After the phase (T 9 0.5), all reaction rates get small and the abundance distribution is completely frozen. The middle panel of Figure 6 shows the abundance distribution of trajectory (a). The nuclei in the second peak elements are mainly produced. The mass number of the most abundant nucleus in the heavy element is A = 126.
The middle panel of Figure 7 shows the production factors of final abundances of the nucleosynthesis result of trajectory (a). The production factor is defined as the abundance ratio to the solar system composition (Anders & Grevesse 1989) . It is seen that the nuclei that form the second-peak are mainly produced (see mainly produced nuclides in Table 3 ).
Parameter Sets in Neutron-rich Region (b)-(d)
Next, we show the dependence of the abundance distribution on the neutrino parameters in the trajectories in the neutron-rich region Y e,9 < 0.5 ((b)-(d) ), where the r-process occurs as in the fiducial trajectory (a).
The top and bottom panels of Figures 6 and 7 show the abundance distributions and the production factors of trajectories (b) and (c), which have the same electron fractions as the fiducial trajectory (a) (0.48) and different entropies (138 and 130 for trajectory (b) and (c), respectively). We see that the peak of the abundance distribution of trajectory (b) is A = 129, which is slightly larger than that of the fiducial trajectory (a) (A = 126), and the second-peak elements such as Te, I, Xe, and Cs are produced (see Table 3 for individual isotopes).
In trajectory (c), on the other hand, the abundance peak is A = 125, which is almost the same as trajectory (a), and mainly produced elements are also the same (i.e., the isotopes of Sn, Sb, Te, and I). In addition to these elements, lighter elements such as Ag, Cd, and Pd are coproduced. This is because the r-process does not proceed sufficiently and the nuclei that do not pass through the N = 82 magic number finally decay into these elements.
The abundance distribution of trajectory (b) is slightly shifted to heavier-element production, and the distribution of trajectory (c) indicates an opposite trend, but their difference is small.
We will show the nucleosynthesis result of a more neutron-rich trajectory with the entropy similar to trajectory (a). The electron fraction of trajectory (d) is Y e,9 = 0.42 (see Table 3 ). Figure 8 shows the abundance distribution and the production factors of the trajectory. We clearly see the second peak and third peak in the distribution. This means that a stronger r-process occurs and the nuclei of wide mass number range from second peak to the third peak are produced. The time evolution of the average reaction rates is almost the same as in trajectory (a) but the neutron-to-seed ratio at the beginning of the cold r-process is about 30. Therefore, we conclude that the nucleosynthesis results do not depend strongly on the entropy, but mainly on the electron fraction Y e,9 .
The combination s/Y e,9 τ 1/3
T,0.5 is a useful quantity for estimating the neutron-to-seed ratio and whether the r-process produces the third-peak elements. Hoffman et al. (1997) (c) Figure 6 . Abundance distributions of trajectories (b) (top), (a) (middle), and (c) (bottom). These trajectories have almost the same electron fractions and different entropies (see Table 3 ). (This definition of f 200 is based on Equation (1) in Wanajo 2013, .) Note that the condition is somewhat relaxed for the wind where Y e > 0.46 (see Figure 10 in Hoffman et al. 1997 ) because the rate of seed element production decreases in such a high-Y e circumstance. The values of f 200 are shown in Table 3 . It is about 0.696 in trajectory (a), which is below unity. As a result, the neutron-to-seed ratio is not large, 10-20 at the beginning of the cold r-process, so the r-process in this trajectory is not strong enough to produce the third-peak nuclei. On the other hand, the values of f 200 are 0.730 and 0.676 for trajectories (b) and (c), respectively, so the neutron-to-seed ratio is bigger in trajectory (b) and smaller in trajectory (c). Therefore, slightly heavier and less heavier nuclei are synthesized in trajectories (b) and (c), respectively, as shown in Figure 6 .
In trajectory (d), f 200 = 0.795, which is larger than those of the above trajectories because of the smaller value of Y e . Therefore, a stronger r-process proceeds and, as shown in Figure 8 , the third-peak elements are produced in the trajectory. (The third peak appears while the value f 200 is still smaller than the unity. This is because Equation (43) is only an approximate condition.)
Parameter Sets in Proton-rich Region (e)-(i)
The parameters suggested in Sekiguchi et al. (2012) are close to the contour of Y e,9 = 0.5, so the initial electron fraction Y e,9 of the trajectories in a certain range of the parameter values ǫ νe and ǫν e becomes greater than 0.5. In these trajectories, the νp-process occurs. Here we explore the nucleosynthesis and the abundance distributions of some proton-rich trajectories (e)-(i). Figure 9 shows the time evolution of the nucleosynthesis and the abundance distribution of trajectory (e), of which Y e,9 and s are 0.55 and 133, respectively. Initially, the material is composed mainly of free protons and neutrons. Then, heavy nuclei are temporarily produced as in the neutron-rich case (see top panel of Figures 9 and  10-(1) ).
At temperature T 9 ≈ 4.3, the heavy nuclei are completely photo-disintegrated into iron-group nuclei and the mass fraction of neutron X n decreases to ∼ 10 −9 (see top panel of Figures 9 and 10-(2) ). After this phase, neutrons are supplied through the electron antineutrino absorption on free protons (p +ν e → n + e + ). After the temperature decreases to T 9 ≈ 4, the balance between (n, p) and (p, n) reactions is broken, and then the νp-process starts to operate. In this phase, (p, γ) and (γ, p) reactions are balancing, and most of the heavy nuclei are in the waiting point of the νp-process. The production of the heavy elements occurs via (n, p) reactions. The path of the νp-process ends at Z = 50 proton magic nuclei. The reaction flow hardly passes through Z = 50 because of small cross sections of (p, γ) reactions of Z = 50 isotopes (see Figure 10 - (3)). When the temperature gets below T 9 ≈ 2.5, the balance between (γ, p) and (p, γ) reactions in broken. In this phase, (n, p) reactions gradually take over from (γ, p) reactions since neutrons do not feel the Coulomb barrier.
When the temperature decreases below T 9 ≈ 1.5, the heavy nuclei are concentrated at the stable line and (n, γ) reaction rates become larger than (n, p) reaction rates. As a result, a fraction of large A nuclei become neutronrich (see Figure 10 - (4)). After this phase, all reaction rates get small and the abundances are completely frozen.
The abundance distribution of trajectory (e) (middle panel of Figure 11 ) indicates a broad peak of A ∼ 60 − 120. The middle panel of Figure 12 shows the production factors of final abundances of this trajectory. It is seen that A ∼ 100 proton-rich isotopes, such as Ru, Pd, and Cd, are produced.
We also consider trajectories (f) and (g), of which the electron fraction is almost the same as for trajectory (e) but the entropy is different (141 and 129 for trajectories (f) and (g), respectively). The top and bottom panels of Figure 11 show the abundance distributions of these trajectories. The νp-process scarcely passes through the Z = 50 magic number in either of the trajectories, so the peaks of their abundance distributions are almost unchanged at A ∼ 100. The top and bottom panels of Figure 12 show the production factors of these trajectories. They are almost the same as that of trajectory (e) except that the peak of the production factors slightly shifts to a larger mass number in trajectory (f).
In trajectories that have larger Y e,9 , heavier nuclei are produced compared with trajectory (e). In trajectory (h), which has the electron fraction Y e,9 = 0.57, for example, the isotopes of Ru, Pd, Cd, In, and Sn are abundantly produced (see Table 3 for details). However, the produced elements that have A 100 are not protonrich because of efficient (n, γ) reactions in the phase of T 9 2.
In trajectory (i), the most extreme (but not unphysical) trajectory in Figure 3 , efficient (p, γ) reactions due to a large number of free protons proceed strong νp-process nucleosynthesis and heavy nuclei can be produced beyond the Z = 50 magic number. Figure 13 shows the nuclear abundance distribution at T 9 ≈ 0.55 in trajectory (i). It is seen that a large amount of nuclei pass through Z = 50 and are concentrated in a neutron-rich region.
In Table 3 , we show the quantity ∆ n , the number of neutrons per seed nucleus produced via p +ν e → n + e + reaction for T 9 < 3 (see Equation (1) in Wanajo et al. 2011) . When ∆ n is larger, more (n, p) reactions occur during the νp-process so that heavier nuclei are produced. In higher-entropy trajectories, less seed nuclei are produced and ∆ n is larger. In trajectory (i), ∆ n = 110, which is much larger than that of (e)-(g) (39.7, 49.2, and 31.1, respectively) . This is the reason why the νp-process can pass through the Z = 50 magic number and Figure 11 . Same as Figure 6 , but for the proton-rich trajectories (f) (top), (e) (middle), and (g) (bottom). Figure 12 . Same as Figure 7 , but for the proton-rich trajectories (f) (top), (e) (middle), and (g) (bottom). Figure 13. Nuclear abundance distribution at T 9 ≈ 0.55 in trajectory (i). the nuclei are concentrated in a neutron-rich region in this trajectory. Wanajo et al. (2011), a comprehensive study of the νp-process in the ordinary PNS wind, showed that heavy p-nuclei of A 110 can be synthesized through the νp-process only in extreme conditions where Y e > 0.6. In our HN wind model, however, the νp-process produces heavy nuclei of A 100 for smaller values of Y e , although these are not p-nuclei. This is because the higher neutrino luminosity causes less seed element production and more efficient neutron production through p+ν e → n+e + reactions. As a result, the value of ∆ n can become larger than 100, which is not achieved even if Y e is set as 0.8 in the ordinary PNS wind (Wanajo et al. 2011) . Heavy p-nuclei of A = 110 − 125 are underproduced in the γ-process (Rauscher et al. 2002) , so our HN wind may be a possible site for this p-nuclei synthesis if produced nuclei are p-nuclei. This may be possible when we consider the wind termination shock as indicated in Section 5. Only a small amount of nuclei in the neutron-rich region go beyond the N = 82 magic number during the nucleosynthesis. Thus, the A ∼ 130 − 140 peak is produced in the final abundance distribution, as shown in the top panel of Figure 14 . The bottom panel of Figure  14 shows the production factors of this trajectory. The figure shows that 138 La is mainly produced.
DISCUSSION
5.1. The Effect of Heavy-element Synthesis on the Galactic Chemical Evolution In previous sections, we investigated the heavy-element synthesis in the neutrino-driven wind from mPNSs in the HN scenario. It is suggested that HNe may have contributed to the synthesis of heavy elements and to the Galactic chemical evolution in the early universe because HNe may have occurred in Population III (Pop III) stars (e.g., Umeda & Nomoto 2005; Tominaga et al. 2007a,b) . Therefore, here we discuss the effect of heavy-element synthesis in the mPNS wind on the Galactic chemical evolution.
It is known, from observations, that a large amount of 56 Ni is produced in HNe. Therefore, we discuss the effect of HNe on the Galactic chemical evolution by comparing the production factors of heavy elements produced in the neutrino-driven wind with that of 56 Ni (Fe) produced in HNe. If the production factor of a heavy element is larger than or equal to that of Fe, it can be said that the heavy-element synthesis in the neutrino-driven wind of HNe affects the Galactic chemical evolution.
We will evaluate the total production factors of elements considering the total ejecta of HNe. The total production factor of Fe can be evaluated from observational analyses of the 56 Ni yield in recent HNe. The total production factor of Fe, P tot (Fe), is evaluated as
where M ( 56 Ni) is the 56 Ni yield, X ⊙ (Fe) is the solar mass fraction of Fe, which is ≈ 1 × 10 −3 , and M ini is the initial mass of the HN progenitor. Table 4 shows the properties of observed HNe and the total production factor of Fe. We see from the table that the total production factor of Fe P tot (Fe) is about 4. Thus, the total production factor of the element that can contribute the Galactic chemical evolution should be greater than ∼ 10 at least. The total production factors of the heavy elements produced in the wind are estimated as
where P wind ( A Z) is the production factor of the element A Z in the wind ejecta, which is shown in Section 4,Ṁ wind is the mass outflow rate of the wind, and τ NS is the lifetime of mPNSs. Thus, the elements that have the production factor of winds P wind ( A Z) 10 5 may contribute to the Galactic chemical evolution.
For the neutron-rich wind near the fiducial parameter set, as seen in Figure 7 , the second-peak elements such as Sb, Sn, Te, and I are co-produced with these production factors larger than about 10 6 . Therefore, the mPNS wind may contribute to the Galactic evolution of these elements. In a more neutron-rich region, e.g., in trajectory (d), the wide range of nuclei from the second peak to the third peak have sufficient production factors to contribute to the Galactic chemical evolution as seen in Figure 14 .
On the other hand, in the proton-rich wind, protonrich isotopes of A ∼ 100, such as Ru, Pd, and Cd have sufficient production factors larger than about 10 5 (see Figure 12 for trajectories (e)-(g)). In more proton-rich wind, e.g., trajectory (i), the production factor of 138 La is ∼ 10 7 , which is much larger compared with other elements produced in this trajectory as seen in Figure 14 .
We see from Table 4 that the total production factor of Fe tends to be larger when the progenitor mass of the HN is larger (for SN 1999as, it is about 50 at least). Thus, the threshold of the wind production factor for contribution to the Galactic chemical evolution may be one order larger than ∼ 10 5 for the HNe of more massive stars.
Heavy-element Abundance in Very Metal-poor Stars
Can we explain the abundance patterns of r-rich, very metal-poor stars by this mPNS wind model? As seen in the previous sections, the so-called main r-process, which produces all r-process elements up to the third peak, hardly occurs in our parameter sets. Therefore, it is very hard to explain the origin of very metal-poor stars having the "universality" of the r-process (Sneden et al. 2003 (Sneden et al. , 2008 using our mPNS wind model.
There are, however, some very metal poor stars that do not have that universality. For example, HD 122563 is one of the stars, whose abundance pattern shows a gradually decreasing trend as a function of atomic number (Honda et al. 2006) . They are called "weak r stars." Thus, we compare our result with the abundance pattern of these weak r stars. Figure 15 shows the abundance pattern of the nucleosynthesis result of the trajectory just near point (a) in Figure 3 , which has the parameter set indicated in Sekiguchi et al. (2012) . The parameter set of this trajectory is ǫ νe = 11.0 MeV, ǫ νe = 16.8 MeV. In this figure, the scaled observational abundances of HD 122563 (Honda et al. 2006) are shown with points. The abundance pattern shows an approximate agreement with the observational trend in Z = 39 − 45 and Z 58. Recent observations show that the heavy-element abundance pattern of weak r stars has some varieties (e.g., Honda et al. 2007; Roederer et al. 2010) . These varieties may be explained by considering the difference of the properties of mPNS winds. In this work, we investigated the dependence of heavyelement synthesis on the average energies of electron neutrinos and electron antineutrinos. Here we discuss the dependence of the yields on the other wind parameters.
In addition to the uncertainties of average energies of electron neutrinos and electron antineutrinos ǫ νe , ǫν e , there will be uncertainties of the average energy of other flavors of neutrinos ǫ νx originated in approximated treatment of neutrino physics. The neutral-current neutrino reactions with 4 He will affect heavy-element synthesis. However, this effect is less important than the chargedcurrent neutrino reactions with n and p. Thus, this uncertainty will have only a minor impact on the heavyelement synthesis. Luminosities of individual flavors of neutrinos L νe , Lν e , and L νx also have uncertainties for the same reason. These uncertainties are expected to affect the heavy-element synthesis through the change of the wind properties and the neutrino reactions.
On the other hand, the uncertainty of the radius of (the neutrinosphere of) the mPNS R ν originates not only in the matter effect on the neutrino opacity but in the fact that the EOS of high-density nuclear matter, or the mass-radius relation of the NS, is still unknown.
The mass of a mPNS M is another parameter that depends on the properties of its progenitor, such as initial mass, rotation, metallicity, and so on. A recent study of Pop III star formation (Susa 2013; Hirano et al. 2014) suggested that Pop III stars of the mass over 100M ⊙ can be formed. In the final stage of this evolution, these massive stars may have a massive iron core more than 3M ⊙ . Recent observations suggest that the maximum mass of a neutron star is more than 2M ⊙ (Demorest et al. 2010; Antoniadis et al. 2013) , so the EOS of the nuclear matter needs to be sufficiently stiff in order to support that mass. In addition, Pop III stars cannot lose their angular momentum because of the absence of the mass loss. Therefore, when these stars collapse, rapid rotation of these cores prevents them from collapsing to black holes, in addition to their thermal pressures. Thus, the existence of mPNSs is quite possible when Pop III stars collapse. In the studies about the nucleosynthesis of Pop III SNe and HNe (e.g., Umeda & Nomoto 2005) , the "mass cut," the remnant mass after the explosion, was set to explain the abundance patterns of the nuclei up to iron-peak elements of extremely metal-poor stars. They changed the mass cut for different progenitor masses and explosion energies and set as ≈ 3M ⊙ in some cases. Therefore, these studies imply that mPNSs may indeed be formed during Pop III HNe and the masses of them may change for different progenitor masses and explosion energies. To discuss the history of heavy-element synthesis of HNe, further study is needed that covers a wide parameter range of the mass of HN progenitors.
Uncertainties and varieties of these parameters can affect the entropy s, the temperature-decrease timescale τ T , and the electron fraction Y e of the neutrino-driven wind and thus the nucleosynthesis processes. In order to investigate the yields of the heavy elements of HNe, the systematic search of the nucleosynthesis changing these parameters is needed. This also will appear in our next work.
In particular, we find an interesting nucleosynthesis feature in the parameter space. There is a region where A is large but the initial electron fraction Y e,9 is only a little larger than 0.5, i.e., the region around ǫ νe ≈ 9 MeV and ǫν e ≈ 13 MeV. In the trajectories in this region, the abundances freeze out without the reaction equilibrium between the nucleons and alpha-particle. As a result, after the temporal production of the A 100 nuclei, photo-disintegration does not proceed completely, and nuclei around the N = 50 magic number remain. This process can occur in a realistic parameter range, but detailed analysis of the process in these trajectories is beyond the scope of this paper. We will make a detailed analysis in our next work.
Effect of Wind Termination
As in the case of ordinary SNe, it could happen that the mPNS wind terminates at some radius because of the existence of the stellar material. The wind termination can affect the nucleosynthesis because it changes the thermal histories of the fluid elements in the wind (Kuroda et al. 2008; Arcones & Janka 2011; Wanajo et al. 2011 ). Here we discuss the effect of the wind termination shock on the nucleosynthesis in the previous sections.
We assume that a termination shock appears at the radius R sh . We apply the relativistic Rankine-Hugoniot jump conditions there. The jump conditions are
where h = 1+ǫ+P/ρ is the specific enthalpy, and the subscripts "w" and "s" indicate the quantity of the upper stream (wind) and downstream (shocked) material, respectively. We assume that the velocity of the shock position is negligible compared to the wind velocity ∼ 0.3c. The details of solving these equations are described in Appendix B. Solving the jump conditions (46)- (48), we can evaluate the downstream quantities u s and T s from the upstream quantities u w and T w (the electron fraction is assumed to be unchanged across the shock). Then u, T , and Y e profiles in the shocked region (r > R sh ) are obtained by Equations (1)- (3) using the shocked values u s and T s as the boundary condition at r = R sh .
The Effect on the r-process
Here we discuss the effect of the wind termination shock on the nucleosynthesis result in the neutron-rich region in the parameter space. A previous study investigated the effect of the wind termination shock assuming a shock radius of 500-30,000 km (Kuroda et al. 2008) . They suggested that, in an ordinary SN, the wind termination jumps appear only when the temperature sufficiently decreases, so the wind termination has little effect on the final abundance pattern. However, the wind termination shock in our HN wind may appear at sufficiently high temperature because of the high neutrino luminosity from the mPNS. Thus, it can affect the final abundance pattern.
In the neutron-rich wind, when the post-shock temperature is high enough (T 9 2 × 10 9 K), the heavy elements can be photo-disintegrated into lighter nuclei. Therefore, the wind termination shock can hinder the rprocess. In Figure 16 , we show the nucleosynthesis result of the trajectories of different shock radii (3000, 5000, 7000, 10,000, and 15,000 km). The other parameters of the trajectories are the same as trajectory (a) (denoted as "w/o shock" in Figure 16 ). The abundances of the nuclei heavier than the second peak become smaller for smaller radius of the termination shock. This is because, for a shock radius smaller than 10,000 km, the post-shock temperature increases to be 1.5 × 10 9 K and is sustained for a long time, and consequently, the elements larger than the second peak are photo-disintegrated into lighter nuclei. In the case where the shock radius is larger than about 10,000 km, on the other hand, the post-shock temperature is below 1.5×10 9 K and the effect of the wind termination shock on the final abundance is small.
The Effect on the νp-process
The νp-process continues longer in the presence of the wind termination because the temperature decreases more slowly compared to the case without the wind termination. As explained in Wanajo et al. (2011) , strong νp-processes occur if the post-shock temperature becomes T 9 1.5 − 3. Such a high post-shock temperature may be achieved in our HN wind model because of the higher neutrino luminosity. Therefore, in such a case, the νp-process may proceed more efficiently than the wind without the termination shock. From the viewpoint of heavy p-nuclei production, it is worth investigating the effect of the wind termination to study the synthesis of these elements in our HN wind model.
In Figure 17 , we compare the final abundance for the trajectories with different shock radii. First of all, note that the abundance pattern for A 80 is significantly affected by the presence of the shock termination because proton-capture reactions in the region of smaller atomic number can proceed for a long time owing to the higher temperature.
For the heavier region, on the other hand, the effect of the shock termination depends on the location of the shock radius. When the shock radius is smaller than 10,000 km, the post-shock temperature becomes high enough so that additional proton-capture reactions occur as expected above, and consequently, the νp-process can produce heavier elements. In addition, since the fluid elements are decelerated by the shock, they are exposed to large neutrino flux for a long time. As a result, the νp-process proceeds for a long time. Indeed, in the trajectories with the shock radius at small radii R sh = 5000 and 7000 km, the final abundance patterns are modified by the long-lasting νp-process. In these trajectories, the heavy p-nuclei that are underproduced in the γ-process are indeed synthesized.
138 La is produced in the trajectory of R sh = 5000 km and 113,115 Sn are synthesized in the case of R sh = 7000 km. Thus, the HN wind model with the wind termination shock can be a possible production site of these p-nuclei.
More interestingly, in the case of R sh = 3000km, the final abundance pattern totally changes from the result of the trajectory without the termination shock. In this trajectory, the elements up to A ∼ 150 are once produced. However, the elements of A ∼ 110 − 140 are photo-disintegrated because of the high post-shock temperature (T 9 ∼ 2). The elements of the neutron magic number N = 82 are relatively stable, so they avoid photodisintegration. As a result, the final abundance pattern has a sharp peak around A = 145.
Note that the final abundance pattern for the νp-process is less affected by the shock termination for the larger shock radius because the temperature range relevant to the νp-process is higher that that for the rprocess.
5.5. The Effect of the Rotation and the Magnetic Field of the PNS In general, PNSs have an angular momentum and a magnetic field. If the PNS has a strong magnetic field and rotates rapidly, the magnetic force is important for the dynamics of the wind and for the thermal history of the fluid element (Metzger et al. 2007; Vlasov et al. 2014 ). In Metzger et al. (2007) , the criterion for which the wind is magnetically driven is shown (see their discussion above Equation (17) in their paper). Using our parameter set (i.e., L ν,51 ∼ 100, R ν = 15 km) and the quantities obtained our wind solutions (the asymptotic velocity v a ∼ 0.3c and the mass-loss ratė M ∼ 4 × 10 −3 M ⊙ s −1 ), we can estimate the rotation period below which our HN wind is magnetically driven as
where B 14 is the magnetic field strength at the neutrinosphere in units of 10 14 G. This is very close to the break-up period ∼ 0.6 ms. Therefore, the effect of the rotation and the magnetic field on the wind is negligible unless the rotation period is approximately the same as the break-up period or the magnetic field is strong enough.
If the short rotational period and the strong magnetic field are achieved, the temperature-decrease timescale can become even smaller. (It can be below 1 ms depending on the field strength and the rotational period as described in Metzger et al. (2007) .) However, the fluid element accelerated by the magnetic force can pass through the neutrino-heating region quickly. Therefore, the magnetically driven wind has less asymptotic entropy than that of the wind driven only by neutrinos. It is important to investigate which of these opposite effects is dominant in our HN wind, but this is beyond the scope of this Figure 16 . Abundance distribution of the elements as a function of mass number A. The final abundance patterns of the trajectories of different shock radii (3000, 5000, 7000, 10,000, and 15,000 km) are shown. The other parameters of the trajectories are the same as in trajectory (a), the result of which is also shown in the figure. Figure 17. Same figure as Figure 16 , but in the case of the proton-rich trajectories. The final abundance patterns of the trajectories of different shock radii (3000, 5000, 7000, 10,000, and 15,000 km). Other parameters of the trajectories are the same as trajectory (e).
work. We will investigate these effects next time.
5.6. The Effect of Fallback The wind material could fall back to the central remnant (neutron star or black hole) with infalling stellar material. Therefore, the ejected mass of our HN wind can be somewhat smaller than that estimated in the previous sections.
A numerical study about aspherical (jet-induced) explosion of a Pop III star (Tominaga 2009 ) suggests that if the energy deposition rate is high enough, the material just above the central remnant can be ejected toward the jet axis. We consider the mass ejection toward the polar region so the wind material can avoid falling back because the ram pressure of the infalling stellar matter is expected to be weak in the region.
CONCLUSIONS
In this work, we investigated possible processes of heavy-element synthesis in HN explosions of very massive (100M ⊙ ) stars. We considered the neutrino-driven winds from the mPNSs formed after the collapse. We constructed a wind solution for the parameter set tabulated in Table 1 based on the numerical relativity simulation (Sekiguchi et al. 2012 ) and calculated nucleosynthesis on the winds. We parameterized the average energies of electron neutrinos ǫ νe and electron antineutrinos ǫν e and investigated heavy-element synthesis processes. Here we make our conclusions as follows.
1. The temperature-decrease timescale at T = 0.5 MeV of the mPNS wind (about 6 − 7 ms) is much shorter than that of the ordinary PNS wind (about 40 − 50 ms), and thus the environment of mPNS wind is conducive to heavy element synthesis.
2. In the neutron-rich region of the parameter space, although strong (i.e., making all elements up to third peak) r-process hardly occurs, weak r-process occurs and the second-peak elements are mainly synthesized. Near the fiducial parameter, there is a parameter region in which the wind reproduces the weak r elemental abundance pattern of some metal-poor stars, e.g., HD 122563. The third-peak elements can be produced only in the narrow parameter region ǫν e − ǫ νe 7 MeV.
3. In the moderately proton-rich region, νp-process occurs and some light p-nuclei (e.g., proton-rich isotopes of Ru, Pd, and Cd) are synthesized. In some parameter region around ǫν e ≈ ǫ νe , strong (n, γ) reactions proceed and make the abundance distribution into a more neutron-rich one. As a result, the neutron-rich elements between A = 130 − 140 are mainly produced.
As discussed in the previous section, the uncertainties in the other parameters such as L νi , M , and R ν , which were unchanged in this work, are also expected to affect the nucleosynthesis in the wind from mPNSs. In the next study, we will discuss the possibility of HNe to the Galactic chemical evolution through the parameter survey of the nucleosynthesis in the wind about these parameters.
APPENDIX
DETAILS OF THE REACTION AND COOLING RATES
In this appendix we summarize the cooling and reaction rates used to construct the neutrino-driven wind solutions. The cooling rate due to electron and positron capture by free nucleons is given according to FFN85 as q eN = m e ln 2 (f t) (n n J e | pc + n p J e | ec ) ,
where n p and n n are the number densities of protons and neutrons, respectively, and (f t) is the f t-value of the transition between nucleons, given as (f t) = ln 2 · 2π 
where G F is the Fermi coupling constant and g V = 1 and g A = 1.275 are the vector-and axial-vector-type coupling strength, respectively (the values of them are taken from Plaster et al. 2012) . J e is given using phase-space factor J as 
The phase-space factor J is given as
where η L e is ∆/k B T in the case of electron capture by protons and is m e /k B T in the case of positron capture by neutrons, and F k (η) is the Fermi integral defined as
which is evaluated using the approximated expressions in FFN85. The cooling rate per unit mass due to electron-positron pair annihilation into a neutrino-antineutrino pair is given from Cooperstein et al. (1986) as q e + e − = 1 ρĒ loss Γ e + e − ,
whereĒ loss is the average energy of the neutrino-antineutrino pair emitted per reaction and given as
and Γ e + e − is the annihilation rate of the electron-positron pair per unit volume and given as
U e ∓ is the energy density of electrons and positrons given as
and B e + e − is the final state blocking factor given using the average energy of emitted neutrinoĒ ν =Ē loss /2 as B e + e − = 1 + exp η 
This rate is derived using the approximation that the distributions of electrons and positrons are in thermal equilibrium (i.e., the chemical potential of positron is −µ e ). Equation (A6) can be written as
where the phase-space factor K is given as 
The reaction rate of electron and positron capture by free nucleons λ ec , λ pc is given from FFN85 as
where I e is given using the phase-space factor of this reaction I as 
and I becomes
THE TREATMENT OF THE WIND TERMINATION SHOCK
In this appendix we describe the treatment of the wind termination shock. Using the adiabatic sound speed c 2 s = (∂P/∂ρ) s and the adiabatic gamma γ = c 2 s /(P/ρ), the specific enthalpy (including the rest mass) h and the pressure P can be expressed as
We define the ratios x and y as
then Equations (47) and (48) 
